Salmonella spp. have been implicated as the causative agent of food-borne illness involving several dairy foods, including natural cheese, and continue to be a concern to the dairy industry (16, 19) . In 1989, Salmonella choleraesuis subsp. choleraesuis serotype javiana was epidemiologically implicated in an outbreak in Minnesota and Wisconsin of salmonellosis caused by the consumption of mozzarella cheese (24) . The S. choleraesuis subsp. choleraesuis serotype javiana isolates from the contaminated cheese did not have unusual resistance characteristics and would not survive pasteurization or the stretching and molding procedure used in the manufacture of mozzarella cheese (6) . The serotype javiana outbreak and most other outbreaks of salmonellosis involving cheese and other dairy products have been caused by faulty pasteurization of milk or postpasteurization contamination of a product and survival of the pathogen at infectious levels (16) .
The factors in cheese that govern the growth and survival of Salmonella spp. are incompletely understood. It is likely that increased water activity (aj) and lower acidity favor survival (reviewed in references 16 and 19) . Several previous studies evaluated the survival of Salmonella spp. during the preparation and curing of various cheeses (10, 12, 26, 31) .
These studies demonstrated that when milk became contaminated with Salmonella spp. after pasteurization, the pathogens could survive the cheesemaking process and persist for several months in the cheese. However, the survival of Salmonella spp. varied considerably in different cheeses and batches, suggesting that the strain and the physiological status of the pathogen may influence survival. In these challenge studies, the Salmonella spp. used for inoculation were taken from cultures grown for 18 to 24 h in nutrient broth or Trypticase soy broth (10, 12, 26, 31) . The to various stresses, including acids, salts, and temperature, and these adaptive responses may enhance survival in deleterious environments (14) . Foster and Hall (8, 9) demonstrated that Salmonella typhimurium expresses an acid tolerance response when exposed to external pHs of 5.5 to 6.0 and that the response protects the cells from more severe acid stress. Acid adaptation involves the expression of 18 proteins and serves to provide pH homeostasis and to maintain viability. Acid adaptation and increased resistance to acid stress have also been observed in Escherichia coli (11) .
Because the microbiological safety of cheese and other fermented dairy products depends in part on acid formation by starter bacteria, we were interested in determining whether acid adaptation would affect the survival of Salmonella spp. in these foods. Our (8, 9) . We determined recovery on TPA plus 1% (wt/vol) sodium pyruvate, a medium used in our laboratory for the recovery of heat-stressed cells (18 (Fig. 2) . Three hours after the addition of salmonellae, the pH of the milk was lowered to 4.55 by starter culture fermentation and the numbers of both acid-adapted and nonadapted cells decreased about 10-fold. After this point, however, the nonadapted cells died off very rapidly, whereas the acid-adapted cells died off at a slower rate. After 5 h of fermentation at pH 4.27, a 1,000-fold difference in cell numbers was observed. These results show that acid adaptation enhances survival during active milk fermentation, in which several organic acids and other inhibitors are produced.
Survival of S. typhimurium in cheeses. We next evaluated whether acid adaptation would affect survival in cheese. Commercially produced cheeses were surface inoculated with acid-adapted or nonadapted S. typhimurium cells at an initial concentration of 104/g and kept at 5°C. Cheddar and mozzarella cheeses were chosen because they have been implicated in outbreaks of salmonellosis, and Swiss cheese was used because of the complex secondary fermentation associated with the production of propionic and acetic acids.
The results for the survival of S. typhimurium at 5°C in the three cheeses are presented in Fig. 3 . In mozzarella samples stored aerobically, a substantial difference (-10-fold) in the numbers of viable salmonellae was noticed after 14 days (Fig. 3A) . Acid-adapted samples contained relatively large numbers of salmonellae after 74 days, whereas salmonellae were not recovered after 21 days from nonadapted samples. In mozzarella cheese stored anaerobically, acid-adapted salmonellae were detected through at least 54 days, whereas non-adapted salmonellae died off after 28 days (Fig. 3D) .
The same pattern of survival was found with cheddar cheese kept at 5°C. Acid-adapted salmonellae were still present through 74 days of aerobic storage, whereas nonadapted salmonellae stored under identical conditions were not detected after 14 days (Fig. 3B) . Cells incubated under anaerobic conditions died off at a faster rate than those incubated aerobically (Fig. 3E) . Nonadapted cells were not detected after 14 days, and acid-adapted cells were not detected after 40 days.
The survival of acid-adapted and control cells was also evaluated in Swiss cheese. Although this cheese had a relatively high pH (5.6), salmonellae survived very poorly ( Fig. 3C and F) . Acid-adapted cells were detected after 14 days but were not detected in subsequent samplings. Nonadapted cells were not detected in the first sampling of 7 days. Swiss cheese is unique among these cheeses, in that propionic acid bacteria produce a variety of end products, including propionate and acetate, which may be inhibitory to salmonellae.
The decrease in the numbers of salmonellae during storage of the various cheeses was probably not caused by changes in pH. The initial pHs of mozzarella, cheddar, and Swiss cheeses were 5.3, 5.2, and 5.6, respectively. The pHs of all three cheeses changed '0.1 pH unit during incubation at S°C.
Acid adaptation of other Salmonella spp. Acid adaptation was observed in three other Salmonella spp. tested: S. enteritidis E40, S. choleraesuis subsp. choleraesuis serotype heidelberg SHL 39902, and S. choleraesuis subsp. choleraesuis serotype javiana (Fig. 4) . Each of these species displayed increased acid tolerance for lactic acid after adaptation, with S. choleraesuis subsp. choleraesuis serotype javiana and S. enteritidis showing the most marked adaptive responses. Acid-adapted S. choleraesuis subsp. choleraesuis serotype javiana and S. enteritidis survived 1,000-and 10,000-fold better than their nonadapted counterparts after 60 min of exposure to the acidic buffer. S. heidelberg showed a less dramatic response, and acid-adapted cells survived 100-fold better than nonadapted cells after 60 min of exposure.
DISCUSSION
Salmonellosis continues to persist as a problem in the food industry, and dairy products have been responsible for several large outbreaks (2, 4) . The largest detected outbreak of food poisoning in recent years occurred in the United States and was probably caused by improperly pasteurized milk (4) . Fermented dairy products, including natural cheese, have maintained a fairly good record of safety (15, 16) . The factors involved in cheese manufacturing and ripening that provide protection are incompletely understood but probably include acidity, water activity (a,), and inhibitory factors produced by starter organisms and ripening flora (25) . Previous studies supported the theory that acid production by the starter culture is the most important factor controlling Salmonella spp. during cheddar cheese manufac- (9) .
In the present study, we examined whether acid adaptation affected the sensitivity of Salmonella spp. to organic acids encountered in cheese and persistence in fermented milk and cheese. To adequately quantitate survival, we found it necessary to evaluate methods for recovery. It was previously shown that the incorporation of catalase in the recovery medium enhances the recovery of injured cells (20, 23) . Pyruvate, which nonenzymatically destroys H202 (13), also enhances recovery (23) . In a previous study (8, 9) , LB agar without protecting agents was used for the recovery of cells given a challenge pH of 3.3. Our results indicate that recovery may be enhanced more than 1,000-fold by the addition of 0.1% pyruvate to the recovery medium.
We found that acid-adapted cells had increased resistance to organic acids found in fermented dairy products. Adapted cells also survived better than nonadapted cells during fermentation of milk and in cheeses stored at 5°C. Increased survival in the cheeses may not have been caused solely by acid adaptation but could also have involved adaptive responses to other stresses, including starvation, heat shock, oxidative stress, or osmotic stress. A certain degree of cross-protection exists among these responses (21) . Matin (21) suggested that resistance to environmental stresses in Salmonella spp. and E. coli is influenced by nutrition, growth phase, and preexposure to the stresses.
Many foods depend on acidity for the elimination of salmonellae and some other sensitive pathogens. The acid ingredients of mayonnaise can eliminate salmonellae over a period of hours to days (29) . In yogurt, lactic acid was reported to be the main inhibitory factor active against S. typhimurium (27) . Salmonella spp. are at a disadvantage to cope with a low pH, compared with some other bacteria, including the lactic acid bacteria used for cheese manufacturing. Certain lactic acid bacteria possess metabolic systems for the generation of basic end products from arginine, enabling them to continue intermediary metabolism when glycolysis stops because of a low pH (3). Some lactic acid bacteria not only are resistant to acid but require a low pH to grow (17, 22) . Lactobacilli can lower their internal cytoplasm to 4.4 to 4.8 and survive well at an external pH of 3.5 (17, 22) . The low internal growth-limiting pH probably contributes to the ability of lactobacilli to lower the external pH to values lethal to Salmonella spp. and related pathogens during food fermentations. These beneficial organisms have a clear advantage for survival in these products, and their metabolism contributes to the elimination of pathogens.
In summary, we have shown that acid adaptation promotes the persistence of Salmonella spp. in cheeses. Acid adaptation is probably an important survival mechanism in the food plant environment, and it would be useful to use adapted cells in the evaluation of sanitation procedures and Hazard Analysis Critical Control Point programs. This work could allow for the development of biomarkers, such as some of the acid response proteins, as tests of the conditions of specific food ecosystems. A better understanding of adaptations to stress may increase our understanding of food safety systems.
